A strain of Aspergillus fumigatu8 Fresenius, isolated from spoiled hay, converts melilotic acid (o-hydroxyphenylpropionic acid) and o-coumaric acid into 4-hydroxycoumarin and dicoumarol. The sequence is shown to be melilotic acid (I) -2H o-+H120
Sweet clover (Melilotus alba) or sweet vernal (Anthoxanthum odoratum) occasionally undergo spoilage during storage, associated with moulding and 'fermentation' of the resulting hay. The temperature may rise to 60°C with production of the haemorrhagic agent dicoumarol (VII) (Stahman, Heubner & Link, 1941) . Melilotic acid (o-hydroxyphenylpropionic acid) (I) and o-coumaric acid (IV) both present in A. odoratum, can serve as precursors for dicoumarol production (Bye, Ashton & King, 1968) . 4-Hydroxycoumarin (VI) can react nonenzymically with formaldehyde to form dicoumarol * Present address: Weilcome Research Laboratories, Beckenham, Kent, U.K. (Spring & Stoker, 1968) . Although the conversion ofo-coumaric acid into 4-hydroxycoumarin has been observed several times (Bocks, 1967;  Bellis, Spring & Stoker, 1967; Shieh & Blackwood, 1967) little work has been carried out on the mechanism. It seemed possible that a fl-oxidation mechanism was involved (Bye et al. 1968; Spring & Stoker, 1969) and this paper describes a search for intermediates.
MATERIALS AND METHODS
Reagents. Analytical-grade solvents and reagents were used whenever available, otherwise reagent-grade chemicals recrystallized to constant melting point were used. Diethyl ether was stored over sodium and redistilled P-Hydroxymelilotic acid and ,-oxomelilotic acid. We acknowledge generous gifts of these compounds from Dr M. S. Spring (Spring & Stoker, 1969 (Dutt, 1924) . On cooling, the reaction mixture was acidified with 0.25ml of 6M-HCI and applied as a band to a thin-layer chromatogram (see below) which was developed with solvent system 1. The band associated with o-coumaric acid was eluted with ethanol and this procedure was repeated with solvent systems (3a) and (3b). After elution, the resulting o-coumaric acid had a specific radioactivity of 14.1 ,ACi/mg (yield 1.9mg; 31% based on salicylaldehyde) *gIE2H 16500 (eJ'H 16500 for authentic o-coumaric acid).
[ Utilization of 8ub8trate8. The A. fumigatus master agar slope was stored at 20C and subcultured monthly (Roberg, 1948) . Sub-master slopes inoculated from the master slope were incubated at 45°C for 72 h. The sub-master slope was then washed with 5 ml of sterile basal medium, which was used to inoculate the liquid medium (about 105 conidia/lOOml of medium). The inoculated medium was normally incubated for 36-72h at 450C on a rotary shaker (the temperature of 45±20C was taken as a convenient working temperature as 55°C was difficult to maintain with the equipment used). All incubations were carried out in the dark as strong illumination caused ci8-tran8 isomerization. The metabolism of the following was studied: (a) o-coumaric acid; (b) melilotic acid; (c) fi-hydroxymelilotic acid; (d) ,-oxomelilotic acid; (e) 4-hydroxycoumarin; (f) dicoumarol. Two methods were used. (1) The substrate (5mM) was added to the basal medium at the time of conidial inoculation. Utilization of the substrate commenced only after 36-48 h, during which time the pH rose from 4.8 to 7.0. (2) Basal medium was inoculated with conidia and incubated at 4500 for 48 h. The mycelium was filtered free of spent medium, washed once with fresh medium without glucose (adjusted to pH 6.5-7.0) and then resuspended in medium (pH 6.5-7.0) containing the substrate (5mm) but no glucose. Utilization of the substrate began after 1.5-4 hr. Metabolism was measured by removal of the starting material and by formation of products. When radioactively labelled materials were used the conversion of as little as 10-5 of the added substrate could be detected.
Separation and examination of metabolites (Table 1) . A 1.Oml portion of culture (containing about 800,ug of substrate and metabolites) was acidified to pH2 with 6M-HCl and both organisms and medium were extracted together with 5 vol. of ether. The ether was separated, dried over anhydrous Na2SO4 (2-3g) for 2-4h and evaporated to dryness. The residue, taken up in a minimal amount of ether, was applied across the origin of a t.l.c. plate (20cmx20cm, thickness 0.25mm) of Kieselgel G (E. Merck A.-G., Darmstadt, Germany), which was irrigated (ascending) with one of the following solvent systems (Stahl, 1965) Glucose and reducing sugars. These were measured by the anthrone reaction (Fairbairn, 1953) .
Soluble protein. This was measured by the biuret reaction (Gornall, Bardawill & David, 1949) .
I8olation and identification of keto compounds. The fungus was grown at 450C for 36h in 1 litre of basal medium with o-coumaric acid (5mM) and harvested by aseptic centrifugation (lOOOOg for 10min). The combined pellets (200g wet wt.) were resuspended aseptically in 500ml of sterile basal medium containing semicarbazide (10mM) and o-coumaric acid (5mM) and adjusted to pH6.5 with 2M-NaOH, in a 21 conical flask. The suspension was incubated at 45°C for 48 h on a rotary shaker. The mycelium and medium were treated with the UltraTurrax gun homogenizer (Janke und Kunkel K.G., Staufen i. Br., Germany) for three 5min periods and the resulting fungal debris was filtered off through four layers of cheesecloth, and 250ml of saturated 2,4-dinitrophenylhydrazine in 2 M-HCI was added to the filtrate. The resulting precipitate (0.8g) was collected by filtration and dried in a stream of warm air. The dried residue (0.5 g) was dissolved in a minimal quantity of ethyl acetate (about 2.Oml) and applied to a 50g column (50cmx 1.5cm) of neutral (Brockmann grade III) type H alumina (Gallenkamp Ltd., Widnes, Lancs., U.K.). The column was developed with lOOml of ethyl acetate followed successively with 1%, 3%, 5% and 10% (v/v) ethanol in ethyl acetate. Each eluate fraction was evaporated by distillation under atmospheric pressure, and the free carbonyl compounds were displaced from the 2,4-dinitrophenylhydrazones by addition of benzaldehyde (Schmidt & Treiber, 1933) and examined spectrophotometrically in ethanolic solution. Only the material eluted with 5% ethanol in ethyl acetate showed the 275nm and 306-325 nm extinctions characteristic of coumarins: it was purified by t.l.c. by using successively the three solvent systems described in Table 1 . The yield was 0.1 g.
Formation of xanthates. A cell-free extract was prepared by inoculating 2x500ml of basal medium plus 0.005% (w/v) o-coumaric acid, in 21 flasks, with conidia and incubating at 450C for 48 h in shake culture. The mycelium was harvested by suction filtration through two layers of cheesecloth, resuspended in 0.05 M-KH2PO4-Na2HPO4 buffer, pH 7.0, andrefiltered. Thefungalmat(50gwetwt.), still moist with buffer, was crushed under liquid N2 to a fine powder. The powder from the fungus was left to thaw for 4-6 h at 20C and coarse debris was removed by centrifugation at lOOOg for 20min. The cloudy supernatant, containing between 6 and 20mg of protein/ml and also the enzyme system, could oxidize o-coumaric acid to 4-hydroxycoumarin.
Hydroxamate production was estimated by the FeCl3 reaction (Stadtman, 1955b) . Standard o-coumaric acid and melilotic acid hydroxamates were prepared by the method of Thompson (1951) . The incubation procedure was that of Stadtman (1955a) ; crude enzyme preparation containing 20mg of protein in 10ml of 250,Mm-sodiumpotassium phosphate buffer, pH7.0, with 200pM-MgCl2, 200,UM-ATP, 2mm-neutral hydroxylamine and 100DUM substrate were incubated at 370C for 0-36h.
For identification of hydroxamates I.Oml of the incubation mixture was discharged into 25 ml of ethanol. The protein precipitate was removed by centrifugation (2000g for 10min) and the supernatant evaporated to dryness by vacuum distillation. The residue (10-30mg) was taken up in 0.2 ml of methanol and spotted on to a t.l.c. plate (0.25mmm thick) of Kieselgel G. The plate was developed with solvent 1 and spots were detected with a spray of 5% (w/v) FeCl3 in ethanol. Spots were eluted by extracting 50mg of the gel with lOml of ethanol.
Sequential enzyme induction. The substantial lag observed in cultures before detectable metabolism of o-coumaric acid or melilotic acid commenced suggested that an inducible enzyme system might be involved. If so, some indication of the sequence may be obtained by applying the concept of 'sequential induction' (Stanier, 1951) , through determining whether the lag could be abolished or decreased by previous exposure to either of the two 4-hydroxycoumarin precursors.
The fungus was grown in 200ml of basal medium plus melilotic acid (5mM) for 48h at 450C, then the mycelium was filtered off, washed aseptically with basal medium and resuspended in fresh sterile mineral salts medium, pH 7
(lOOml), containing 5mM-o-coumaric acid or 5mM-melilotic acid but no other carbon source. In a similar experiment fungus was grown in basal medium plus o-coumaric acid (5mm) before washing and resuspension into fresh mineral salts medium, pH7, containing 5mM-o-coumaric acid or 5mM-melilotic acid.
Radioactive tracer experiments. o-Coumaric acid labelled with 5itCi of 14C or 250,tCi of 3H was added/lOOml of culture. Fractions were isolated and identified as described above. 14C and 3H were measured in a Packard Tri-Carb model 314EX liquid-scintillation counter. The scintillator used was toluene with 6g of 2,5-diphenyloxazole/I as primary scintillator and 0.05g of 1,4-bis-(4-methyl-5-phenyloxazol-2-yl)benzene/I as secondary scintillator.
No correction was needed for quenching and the efficiency of the counter was about 50% for 14C and 14% for 3H.
The efficiency of the machine was checked for each experiment by using a known 14C or 3H standard. Thin-layer chromatograms were scanned for radioactive compounds by using a Desaga scanner 12-2 (Rank, Murphy, Bush Instruments, London W.4, U.K.).
Fractions that showed radioactivity but contained insufficient material for identification by normal methods were characterized as follows. A series of incubation mixtures was set up in the usual way, and after separation ofthe organism authentic samples of compounds that were likely to be identical with the unknown material were added. The added material was isolated by t.l.c. as described above. If the radioactivity was associated with the recovered compound, the fraction was rechromato- graphed with solvent systems 1, 2 and 3 until a constant specific radioactivity was obtained.
RESULTS
aonver8ion of o-coumaric acid and melilotic acid into 4-hydroxycoumarin (Table 2) . o-Coumaric acid at 1mM was converted almost quantitatively into 4-hydroxycoumarin in A. fumigatu8 under the growth conditions specified. At higher concentrations growth was inhibited. Under 'washed suspension' conditions conversion was observed up to lOmM-o-coumaric acid, though the rate of formation of 4-hydroxycoumarin was no greater than at 1 mm. Higher concentrations of o-coumaric acid were inhibitory or lethal. Table 3 shows that growth of the mycelium was accompanied by a rise in pH, but metabolism of o-coumaric acid did not commence until several hours after the start of glucose metabolism. Between 4 and 48 h the disappearance of o-coumaric acid cannot be accounted for by 4-hydroxycoumarin production, which strongly suggests that some intermediate(s) are being formed over this time. The pattern of utilization of melilotic acid was very similar.
Sequential enzyme induction (Fig. 1) . Mycelium grown in basal medium metabolizes melilotic acid and o-coumaric acid only after a lag of 36-48h. When melilotic acid is present in the growth medium, both substrates are metabolized without significant lag. When o-coumaric acid was present during growth it is subsequently metabolized without lag, but melilotic acid metabolism commences only after a lag of 4-6h. The sequence therefore appears to be: Melilotic acid -+o-coumaric acid -*4-hydroxycoumarin -Esterification of o-coumaric acid and melilotic acid. o-C6umaric acidandmelilotic acid are quantitatively esterified by fungal extracts as shown by the formation of the corresponding xanthates (Fig. 2 (Table 4) . (1) The u.v.-and i.r.-absorption spectra were identical with those of o-coumaraldehyde prepared synthetically by the method of Pauly & Wascher (1923) . (2) In the mass spectrogram the heaviest ion had a mass number of 148, and the cracking pattern followed closely that of the authentic compound.
Metabolism of labelled o-coumaric acid. [2-14C]_ or [G-3H]-o-coumaric acid were added to basal medium, which was then inoculated with the organism and incubated. Samples were withdrawn and unchanged o-coumaric acid, f-hydroxymelilotic acid, ,-oxomelilotic acid and 4-hydroxycoumarin were separated and their radioactivity determined as described above (Table 5) .
Conversion of o-coumaric acid into 4-hydroxycoumarin occurs almost quantitatively and it seems that any further transformation of the latter compound must be very slow under the conditions of our experiments.
The complete recovery of 14C shows that the side chain is not involved in any significant breakdown or exchange with the organism's metabolic pool. In interpreting the results for 3H it must be remembered that the radioisotope is largely confined to the benzene ring, so the loss of hydrogen from the side chain is not reflected in these values, which confirm, as would be expected, that no metabolism of the benzene ring occurs.
DISCUSSION
The results presented, taken in conjunction with those ofprevious authors, suggest that the formation of dicoumarol from melilotic acid and o-coumaric acid takes place through the reaction sequence outlined in Scheme 1. The last stage, formation of dicoumarol from 4-hydroxycoumarin, is believed to be a slow non-enzymic reaction (Spring & Stoker, 242 0 1968). The present authors have been concerned with the preceding steps. The first step, the esterification of melilotic acid and o-coumaric acid, has been demonstrated by the xanthate reaction, though involvement of CoA would be difficult to prove without the use of cellfree systems, which are not readily obtainable from this organism. Our results were obtained by using mycelium grown on basal medium, so the enzyme system(s) involved are presumably 'constitutive'. The next stages presumably involve 'inducible' systems, as o-coumaric acid induces only its own conversion into 4-hydroxycoumarin, whereas melilotic acid induces conversion of both compounds.
The sequence of formation of radioactive products, whether 14C_ or 3H-labelled, clearly supports the scheme suggested. The escape of substantial amounts of ,-hydroxymelilotic acid and ,-oxomelilotic acid into the medium suggests that the metabolites do not remain firmly bound to an enzyme surface throughout the sequence, as in the fatty acid ,-oxidation system that our sequence superficially resembles. The results in Table 5 do not differentiate between intracellular and extracellular radioactive materials, but not more than 5% of the labelled material was in the mycelium in any one case, and the method of extraction would hydrolyse any thiol ester present. The reactive form may well be the ester, although no direct evidence for this is presented here. It is difficult to explain the formation of ocoumaraldehyde. Perhaps the conditions of the reaction (semicarbazide followed by 2,4-dinitrophenylhydrazine at low pH) produce a distorted metabolism, in the presence of o-coumaric acid, with o-coumaraldehyde as an end product. Zenk (1965) , however, suggests an analogous reaction for the conversion of benzoic acid (as the CoA derivative) into benzaldehyde in plants, though in this case he supplies no direct supporting evidence. Later work (Gross & Zenk, 1969) shows the reduction of various aromatic acids to the corresponding aldehydes and alcohols by cell-free preparations of Neuro8pora crassa.
Further work, involving the isolation of the enzyme(s) involved, isnecessaryto showtherelation, if any, between the enzyme(s) involved in our reaction and those of the fatty acid ,B-oxidation.
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